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ABSTRACT

Aerosol particles have a complex index of refraction and therefore contribute to at-
mospheric emission and radiative cooling rates. In this paper calculations of the long-
wave flux divergence within the atmosphere at different heights are presented includ-
ing water vapour and aerosol particles as emitters and absorbers. The spectral region
covered is 5 to 100 microns divided into 23 spectral intervals. The relevant properties
of the aerosol particles, the single scattering albedo and the extinotion coefficient, were
first calculated by Mie-theory and later by an approximation formula with a complex
index of refraction given by Volz. The particle growth with relstive humidity is also
incorporated for different aerosol types and size distributions. These values were taken
from Hénel. The results show a significant contribution of aerosol particles to longwave
flux divergence, although strongly dependent on the imaginary part of the refractive
index, the size distribution and relative humidity. The aerosol contribution to radia-
tive cooling becomes very important in layers below temperature inversions, which
are barriers for particle diffusion. There exist atmospheric conditions where the aero-

sol contribution to radiative cooling is as large as cooling by water vapour.

Introduction

Aerosol particles have a complex index of
refraction and contribute to atmospheric ab-
sorption and emission and therefore to radia-
tive heating or cooling. The aerosol influence
on the heat budget is however still unknown.
The work described in this paper is restricted
to the longwave region of the spectrum from 5
to 100 microns wavelength. Probably the first
to postulate an absorption coefficient or a
complex index of refraction for atmospheric
aerosols was Waldram (1945). Later several
other workers could only account for discrep-
ancies between measurements and calculations
of sky emission or continuum absorption in the
wavelength region of 8 to 13 microns by in-
troducing a hypothetic aerosol absorption
coefficient. At present nearly all researchers as-
sume absorption by atmospheric aerosols but
they can only employ estimated values. Re-
cently Fischer (1970) and Volz (1972) gave first
results for aerosol absorption coefficients in
the visible and infrared region. Volz however
could only use the part of atmospheric aerosols
which could be sampled from natural precipita-
tion.

The calculations of longwave fluxes by radia-
tion charts and also of the flux divergence by
means of differencss of these fluxes are strongly
disagreeing. Earlisr investigations where the
influence of atmospheric aerosols have been in-
cluded were performed by Zdunkowski (1972),
Joseph (1971) and Atwater (1971). However,
Zdunkowski and Joseph used the refractive
index of water. Atwater employed various val-
ues of the imaginary part, since the imaginary
part was completely unknown.

Therefore these papers can only be regarded
as a first approximation. Within the last two
years Hénel (1970, 1972) has given the first
results of the dependence of particle radius on
relative humidity which are also incorporated
in the following calculation procedure.

Calculation procedure

1. Principles

For all calculations horizontal homogeneity
is assumed. There are two possible ways for
the calculation of heating or cooling rates. First
we can determine the spectral flux divergence
dF,;/dh from the difference of the net flux F,
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at two different heights h, and h,. The net flux
Fj,n at the height h; was calculated following
equations (1) and (2).

Fin=F m+Fin (1)

where F |, is the downward and F'tp the up-
ward hemispheric flux at hight h;.
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with kj = volume absorption coefficient at
wavelength A
B,(T,) = spectral Planck’s function at tempera-

ture T,
T, = ground temperature
@ = distance from the vertical.

For more than one absorber the spectral volume
absorption coefficient &} can be written as the
sum of water vapour absorption coefficient kj
and of the aerosol absorption coefficient kf.

The spectral longwave flux divergence dF,;/
dh is then determined from the difference of the
net flux in two heights.

AF[Ah = (F) o, — Fj p)[(hy = 1) (3)

This flux divergence is only a mean value for
an atmospheric layer.

In another method the flux divergence dF,/
dh is determined from the difference between
the entire radiation I; = L,, I;(w)dw arriving at
a height A, and the blackbody radiation B,(T)
multiplied by the volume extinction coefficient.

dF 3, nijdh= k3T~ By(Ths)) (4)

By using equation (4) flux divergence is deter-
mined for a distinct height. In the present cal-
culations both methods were used for the 8-13
micrometer region. Obviously the flux diver-
gence dF,;/dh in the infrared is the difference
between two nearly equal terms and therefore
the accuracy of the calculations should be as
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high as possible, especially for thin layers with
the first method and for regions with large op-
tical depths with the second method. Both ways
show good agreement for a mean value of one
layer in the region 8-13 micrometer. The numer-
ical integration over wavelength was achieved
by dividing the entire region into 23 inter-
vals sufficiently broad to diminish computing
time yet sufficiently small to avoid greater
variations of Planck’s function within the in-
terval using the values given by Rodgers and
Walshaw (1966). They applied the statistical
band model to water vapour line data. Inte-
gration over zenith distance was done by sum-
ming over 10 intervals with |cos ¢, —cos ¢,,,| =
0.1. In test calculations a further subdivision
was shown not to be necessary. The flux diver-
gence dF/dh was converted into cooling rates,
dT[dt, in °C per unit time following equation (5)

dT/dt = 1/gc, dF[dh (5)

with g =air density and ¢, =specific heat at
constant pressure.

2. Representation of calculation parameters

The atmosphere was first divided into 16
layers 250 to 2 000 m thick up to 16 km. In
special programs the lowest layers were again
divided in several sublayers to show the details
within temperature inversions or near the ground.
The wavelength region covered is 5 to 100 mi-
crons or 2 000 to 100 wavenumbers.

In the window region from 8-13 microns
water vapour absorption was treated as a con-
tinuum absorption using values given by Big-
nell (1963). No attempt was made to include
a so-called e-type absorption of water vapour
so far only measured in the laboratory (Big-
nell, 1970). The water vapour absorption coef-
ficients within the 6.3 micron and the rotation
band were taken from Rodgers (1966). He used
Goody’s statistical band model to determine
transmission functions in broad spectral in-
tervals. The pressure and temperature depend-
ence was also taken from Rodgers (1966). The
ozone band at 9.6 microns was included at first,
but contribution to longwave flux divergence
near the ground, where aerosol influence is
strongest, was so small and only slightly height
dependent, that the calculations could be sim-
plified by omitting ozone contribution. No at-
tempt was made to include the 15 micron band
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Fig. 1. Accuracy of the approximation formula for the determination o! the single scattering albedo
for different complex indices of refraction. The numbers 0.8, 1.0, 1.3 refer to those values of o =2nr/d
where approximation for small particles after Penndorf (1962) was repleced by the method of Deir-

mendjian (1960).

Table 1a. Stze distributions used within the fol-
lowing calculations

Name Number density

Haze C n(r) =4.97-108-72 exp(—l5.1186[/;)

Heaze M n(r) =5.33-10%-7 exp (—8.944 |/7)

Junge n{r)~r—* within the range 0.01—10
microns

M Junge Measured upon the German research

vessel Meteor on the Atlantic by
Jaenicke et al. (1971).

of carbon dioxide, since it was found that the
aerosol contribution below 8 and above 13
microns was negligible because the absorption
coefficient of water vapour far exceeded the
aerosol absorption coefficient. From other cal-
culations it has been shown that carbon dioxide
has no significant contribution to longwave
radiative cooling within the lower troposphere
except within the lowest few meters (Zdun-
kowski, 1972),

The necessary aorosol input parameters for
the model were size distribution (see Table 1a),
complex index of rafraction (see Table 1b) and
the variations of these two parameters with
relative humidity. From the size distribution
and the complex irdex of refraction the single
scattering albedo wy =Qy../@ex; 8nd the spectral
volume extinction coefficient k; were first de-
termined by Mie-theory calculations for dif-
ferent wavelengths within the region 5 to 100
microns.

Later an approx.mation formula for the ex-

Table 1b. Imaginary part of refractive index
depending from wavelength (mean wvalue of all
given numbers by Volz (1972) for all samples
taken at Mainz)

Wavelength
in microns 8.0 8.& 9.3 101 11.0 12.0 13.0
Imaginary
part 0.13 0.30 0.20 0.13 0.05 0.05 0,05
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Fig. 2. Variation of the volume absorption coefficient with the real part of the refractive index n, for
the size distribution ‘“Meteor Junge” at 0 and 60 % relative humidity within the wavelength region of

8-13 microns.

b real part
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0 Qo1 0 02 0,28
imaginary part ———- R

Fig. 3. Real and imaginary part of the refractive
index of Haze C for different wavelengths. Numbers
at the curves are relative humidites in percent.
Bottom values show real and imaginary part for
liquid water at different wavelengths as indicated.
These bottom values will be taken by cloud par-
ticles at 100 % relative humidity. The imaginary
part was arbitrarily chosen to be 0.01.
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tinction efficiency @, after Penndorf (1962)
for a=2ar/A<1.0 and after Deirmendjian
(1960) for « >1.0 with a further approximation
for the scattering efficiency Q,., in analogy to
Deirmendjian’s approximation were used. Fig.
1 shows good agreement between the Mie-
theory calculations and the approximation
formula even for the real part of the refractive
index equal to 1.5. Two sets of imaginary parts
of the refractive index were chosen. The first
set is after Volz (1972) for continental aerosols
and the second is an earlier assumption in or-
der to show results for lower imaginary parts.
This lower value 0.02 compares fairly well with
values given by Volz (1972) for sea salt within
the window region. Therefore the results with
an imaginary part of 0.02 can be taken for
maritime aerosols. To enable comparison be-
tween different size distributions and imaginary
parts all calculations were done for the same
optical depth at 0.55 micron wavelength, were
the influence of the imaginary part on extine-
tion is small. The real part of the refractive in-
dex for zero percent relative humidity was
chosen to be 1.60. In test calculations a varia-
tion of the real part of the refractive index had
only a little influence upon the absorption coef-
ficient within the wavelength region of 8-13
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microns, where aerosol influence is comparable
to water vapour influence on radiation fluxes
(Fig. 2).

The particle growth with relative humidity
was introduced following measurements by
Hanel (1970), (1972) for the following aerosol

types:

Mainz =heavily polluted industrial area.

Meteor =maritime aerosol, sampled on the At-
lantic on board the German research vessel
Meteor (see Jaenicke et al., 1971).

Figs. 3 and 4 show possible variations of the
refractive index with relative humidity for
aerosol type ‘“Mainz”’. From these figures we
can conclude that calculations with constant
refractive index are only a first approximation.
Hinel (1972) has also measured particle
growth with relative humidity for a remote
mountain station within Western Germany,
but the general trend was similar to that of
aerosols sampled at Mainz. However aerosols
sampled in heavily polluted areas grow earlier
than those from remote regions. All results of
the flux divergence presented for the aerosol
type ‘“Mainz”’ will therefore be somewhat higher
than for aerosols from remote regions.

Figs. 5-7 demonstrate the strong influence of
the imaginary part and relative humidity on
the single scattering albedo and the extinection
coefficient and therefore on the absorption
coefficient of aerosols. For high relative humidi-
ties the imaginary part is mainly due to liquid
water and the influence of the refractive index
of dry aerosols decreases. This implies that aero-
sol particles with nearly no absorption coeffi-
cient at dry conditions may well be absorbing
within the infrared region when growing with
relative humidity.

All scattering effects were neglected since in
all calculations the aerosol optical depth within
the window region did not exceed 0.1. In sepa-
rate calculations, using the extinction coeffi-
cient in the exponential of equation (2) instead
of the absorption coefficient for aerosols, the
longwave flux divergence caused by aerosols
was only changed by about 10 percent thus
giving an indication that neglection of scat-
tering effects has no great influence upon flux
divergence at an aerosol optical depth below
0.1.

Table 2. Aerosol cooling rates for different at-
mospheres, optical depths, relative humidities for
Haze C, particle growing type Mainz and tmagi-
nary parts after Volz (1972)

Aerosol

optical Radiative cooling

depth
Relative at 0.55 Percent
humidity microns of water
in wave- Height vapour
percent length (m) °C/day  cooling

US Standard Atmosgphere 1962, aerosol scale height
500 m

30 0.4 25 0.237 8.0
0.4 120 0.195 7.0
0.4 220 0.161 5.6
0.4 750 0.057 3.5
60 0.4 25 0.361 12.3
0.4 120 0.273 9.2
0.4 220 0.220 7.3
0.4 750 0.076 4.7
80 0.4 25 0.450 16.9
0.4 120 0.379 13.7
0.4 220 0.322 11.6
0.4 750 0.130 8.2
90 0.4 25 0.737 28.0
0.4 120 0.622 22.2
0.4 220 0.530 18.0
0.4 750 0.219 13.0

Arctic atmosphere, 75° N, January, aerosol scale height
500 m

0.4 100 0.124 31.0
0.4 300 0.096 15.4
0.4 1750 0.043 3.0
0.2 100 0.068 15.7
0.2 300 0.050 8.0
0.2 1750 0.023 1.6

Tropical atmosphere. 15° N, aerosol scale height
1200m

0.2 100 0.056 2.02
0.2 300 0.052 2.20
0.2 900 0.041 1.37
0.2 2 200 0.019 0.92
0.4 100 0.111 4.02
0.4 300 0.101 4.32
0.4 900 0.081 2.70
0.4 2 200 0.039 1.85

Results

The longwave flux divergence caused by dif-
ferent aerosols ranges from 0.1 to 0.7°C/day
for the lowest few hundred meters. Most of the
values presented in Table 2 are for 0.4 optical
depth at 0.55 microns and at 60 % relative
humidity, values which are mean values for
instance within the region of Mainz (Western
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Fig. 4. Same as Fig. 3 except for imaginary parts of the refractive index for dry aerosols after Volz 1972).

Germany). A doubling of the optical depth approximate values at different optical depths
nearly doubles cooling rates since the optical can be simply calculated. Occasional values of
depth due to aerosols in the infrared is low, i.e. 0.7 for the optical depth in the visible would

I Haze C MAINZ
Single scatterin,
u"\g 9

07 |
06 |
as |
04
03 |
Q02 |

o1 |

wavelength in microns

Fig. 5. Variation of the single scattering albedo with wavelength for Haze C and particle growing type
“Mainz”. Numbers at curves refers to relative humidity in percent. Dashed curves are for imaginary parts
of the refractive index after Volz (1972), full lines for a constant imaginary part of 0.02 (low).
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Fig. 6. Volume extinction coefficient as a function
of wavelength and relative humidity as indicated at
the curves. Full lines for constant imaginary part

0.02 (low). Dashed line for imaginary parts after
Volz (1972).
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increase aerosol contribution to radiative cool-
ing within the lowest layers to 0.6°C/day at
60 % relative humidity. Another aerosol scale
height of 1 200 meters, a proposed mean value,
will reduce aeroscl contribution to the lowest
layers but the overall contribution would not
change appreciably.

Fig. 8 shows tle wavelength dependence of
radiative cooling rates. Only from 8-13 mi-
crons is the aeroscl contribution important thus
simplifying the computations. For a very strong
haze as used by Zdunkowski (1972) the net
flux at a distinct height changes by more than
a few percent as compared to clear skies. For
instance the net flux at the ground is reduced
by 3 % at 0.4 optical depth in the visible and
60 % relative humidity compared to an aerosol
free atmosphere.

Since strong pollution and temperature in-
versions are frequently correlated, another model
with a temperatur> inversion and all the aerosol
trapped below this inversion was adopted.
Particle number is constant from bottom to top.
The temperature increase from 500 to 600 meters
above ground was chosen to be 3°C, relative
humidity was 60 % at the ground increasing

- ———Haze M Meteor Volz
- == ---HazeC Meteor Yoz

15 2 .
wavelength in microns

Fig. 7. Influence of particle size distribution on the single scattering albeclo, for Haze M and C and equal

imaginary parts; particle growing type ‘‘Meteor’.
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Maritime aerosol,optical depth 0.2
aerosol scale height S00m
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Fig. 8. Height dependence of the cooling rate for
different wavelength regions. The dashed curve is for
cooling by water vapour + aerosol.

linearly to 90 % at 500 m. The temperature
profile below 500 m followed the US-Standard-
Atmosphere. The cooling rates due to aerosols
displayed in Figs. 9 and 10 and Table 3 show
a marked peak just below 500 m.

We can generally find a strong dependence
on the imaginary part, relative humidity and
variations of the size distribution. In Figs. 9
and 10 calculations were only performed for
the window region of 8-13 microns to ac-
celerate computing. The values given in the
row ‘‘percent of water vapour cooling” in
Table 3, however, correspond to total water
vapour cooling within the wavelength region
5-100 microns. As can be seen from Fig. 9 a
strong haze (optical depth 0.6) can lead to
aerosol cooling rates just below the temperature
inversion equal to those caused by water vapour.
Aerosol layers tend to stabilize already existing
temperature inversions. The temperature pro-
file, however, becomes more unstable below the
inversion causing a stronger mixing of the
lower layers.
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26 — 732897

15 220
Cooling rate °C/day

Fig. 9. Height dependence of the cooling rate for
different aerosol types and imaginary parts of the
refractive index (Volz, low) at equal optical depth
0.2 at 0.55 microns. The wavelength region is 8-13
microns. All aerosol particles are below 500 m with
relative humidity increasing from 60 to 90 % from
ground to 500 m. Particle growing type is “Mainz”.

b4 Haze C
E 8 -13 microns
c
- Yolz
z
.;.' parameter : optical depth at 0,55 micton
T
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800
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400
200
0

0s ) 5 2 25
Cooling rate *C/day

Fig. 10. Height dependence of the cooling rate for
Haze C at different optical depths plus cooling by
water vapour as indicated at the curves. Particle
growing type is “Mainz”.
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394 H. GRASSL

Table 3. Aerosol contribution to longwave flux divergence

Optical depth 0.2 at 0.55 microns and 60 % relative humidity, temperature inversion at 500 m height, 60 %

relative humidity at bottom, 90 % at top

Percent of water vapour

Cooling rate in °C/day cooling

Imaginary  Particle

Aserosol type part growth Bottom  Top Bottom  Top
Haze C Volz Mainz 0.17 0.52 7.1 23.6
Haze C Low Mainz 0.05 0.33 2.1 15.0
Haze M Volz Meteor 0.19 1.46 7.9 66.5
Haze M Low Meteor 0.07 1.20 2.9 54.5
Junge Volz Mainz 0.19 0.56 7.9 25.4
Junge Low Mainz 0.06 0135 2.5 15.9
M Junge Volz Meteor 0.16 0.70 6."1 31.8
M Junge Low Meteor 0.05 0.57 2. 26.0
Conclusions As a next step a comparison of heating (see

At least in heavily polluted or naturally hazy
areas cooling rates caused by atmospheric aero-
sol particles should be incorporated into general
circulation models for all forecast ranges ex-
ceeding some days. Aerosol contribution to
radiative cooling is believed to reduce discrep-
ancies between measured and ecalculated cool-
ing rates in the lower layers of the atmosphere
(see Cox, 1969). Special attention should be
drawn to all regions where temperature in-
versions acting as particle traps occur. If rela-
tive humidity is higher than 80 % there is an
appreciable contribution even from aerosols
with low absorption coefficients under dry
conditions.

Eschelbach, 1972, and cooling by aerosols in
different latitudes and seasons with different
albedos of the ground is planned to get a first
insight into the wuestion, whether increasing
aerosol particle numbers will cause heating or
cooling of the lower layers of the atmosphere.
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BJIUSAHHUE ASPO30JIAA HA PAIMAIIMOHHOE BBIXOJAJKIBAHUE

YacTuusl aspo30Jid WMET KOMILIEKCHOR MoKa-
3aTejib NpPeJOMJEHHA M MOSTOMY AAIOT BKIAJ B
usjydyeHune aTrMocepsl M CKOPOCTH PamMAIIHOH-
HOTO BBIXOJIa:KMBaHMA. B maHHO# crarbe mpep-
CTaBleHbl Pe3ylbTAaTH pPAaCYeToB JUBEPreHlMu
NOTOKA NJIMHHOBOJHOBOIO H3Jy4eHHMA B aTMO-
chepe Ha pas3JMYHBHIX BHICOTAX C Y4eTOM BOJA-
HOTO TMapa U a3pO30JbHBIX YACTHI[ KAK M3IY-
yaresneit M mnoraorureneil. CmekrTpaidbHaa 06-
JacTh mpoctupaerca oT & go 100 MUKpPOH U
MofpasjesseTcd Ha 23 CHeKTpaJbHHIX HHTEp-
Bana. HeoOxogumele CBO#CTBA adpO30JIBHHIX
yacTull — aabbefo eIMHMYHOTO DPACCEAHHA U
KO3 OUIMEHT HSKCTUHKIUM OBJIM BHYUCIIEHB
cHauaja no rteopuu Mu, a sareMm no npubau-
wmeHHolt ¢opmyne Donbna ¢ KOMILNIEKCHBIM
MOKA3aTeJIeM IpeJOMIeHMA. YUUTHIBAJICA TaKHie
POCT YACTHUIL| ¢ OTHOCHTEJBHO! BIAMHOCTBIO JJIA
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a3po3o0Jeil pa3gUYHOrO THNA U C PABHEIMM pac-
npefesIeHAAMU YaCTHI] N0 pa3MepaM. JTU BeJIU-
yuHel OBLLIM B3ATHI U3 JaHHEIX XaHela. Peaynn-
TATH YKa3BIBAIOT HAa 3HAYUTEJbHBI BHJIAX
a9p030JbHHX YAacTHI[ B [AMBEPreHIUI0 MOTOKA
AJINHHOBOJHOBOTO U3JIyYeHUA, XOTA HTOT BKIAK
CHIBHO BaBHCHUT OT MHHUMOIt 4YacTu Kosddu-
LMEeHTA TOrJOMIEHUA, pacHpefeJeHnsa YacTuIl
IO pasMepaM M OT OTHOCHUTEJIbHOH BIIAMKHOCTH.
Braag asposoia B pajualMOHHOE BHIXOJAMM-
BAHHME CTAHOBHUTCA O4YeHb BAMKHBIM B CJIOAX IOJ
MHBEPCUAMHI TeMIepaTyphl, KOTOpbie ABIAITCA
Gappepamu gaa auddysun yactun. CymecrByoT
arMocepHBIe YCIOBHUA, KOTHA BKJAN a’po30iA
B DaAHAlMOHHOEe BHXOJA*KUBAHUE CTAHOBUTCA
TAaKUM e OGOJbIINM, KaK BHXO0JAaKNBAaHUE,
6;arogapsa BOLAHOMY mapy.
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